Phosphorylation is one of the most important protein modification, and electron transfer dissociation tandem mass spectrometry (ETD-MS/MS) is a potentially useful method for sequencing of phosphopeptide, including determination of phosphorylation site. Notably, ETD-MS/MS typically provide useful information when precursor contains more than three positive charges and has not yet closed as the method for large-scale phosphopeptide analysis, due to the difficulty of the production for acidic phopeptides having more than three positive charges. To increase the charge state of phosphopeptides, we have used the dinuclear metal complexes, which selectively bound to phosphate 
INTRODUCTION
The reversible phosphorylation of proteins is a common covalent protein modification, [1] [2] 
and electrospray ionization (ESI)-based tandem mass spectrometry (MS/MS) is currently the dominant
method for the analysis of protein phosphorylation. In particular, collision-induced dissociation (CID) has been widely used to analyze the peptide sequence by MS/MS. In the CID of phosphorylated peptides, the loss of the phosphate groups (80 and 98 Da) can be used as a specific marker for phosphorylated peptide identification. [3] [4] Therefore, the screening of phosphorylated peptides can be achieved by CID-MS/MS. However, the determination of the phosphorylated sites in peptides is hindered by the substantial loss of the phosphate groups because most of the fragment ions are observed in a non-phosphorylated form in CID-MS/MS spectra. 3, [5] [6] Fragmentation methods involving the electron association of multiply charged peptides, such as electron capture dissociation (ECD) 7 and electron transfer dissociation (ETD) 8 , have been used as alternative methods to CID. [9] [10] [11] Because the ECD/ETD of phosphorylated peptides results in fragment ions arising from the fragmentation of the peptide backbone without losing phosphoric acid, the determination of the phosphorylation site is possible. Regarding the ECD/ETD mechanism, electron attachment/transfer occurs competitively at positively charged sites 12 and at the π* antibonding orbital of peptide bond [13] [14] [15] in multiply charged peptides, leading to N−Cα bond cleavage through aminoketyl radical intermediates. Although one of the most promising applications of ECD/ETD is phosphopeptide sequencing, it has not yet become the method of choice for large-scale phosphopeptide analysis because of the low fragmentation efficiency for tryptic phosphopeptides. 16 Employing ions with a higher charge state as the precursors for ECD/ETD is a way to dramatically improve the fragmentation efficiency by increasing the yield of reactive radical species, and thereby improve the sequence coverage. [17] [18] [19] Here, we investigated how to increase the charge state of precursor ions to improve the quality of ETD mass spectra. In particular, the complexation of peptides with metal ions has been demonstrated to increase the charge state of peptides and various metal cations have been used as the cationization adductive for ETD-MS/MS experiments. [20] [21] [22] [23] [24] With regards to the ETD processes, the metal−peptide complex undergoes either N-Cα bond cleavage or metal cation reduction, according to the electrochemical properties of metal cations in the precursor.
The metal cation having closed shell, such as monovalent alkali metal cations, divalent alkali earth and group XII metal cations, and trivalent group XIII metal cations are barely reduced by ETD-MS/MS condition. [25] [26] [27] [28] In consequence, the use of metal cation having closed shell promotes the N-Cα bond cleavage and provides more informative MS/MS mass spectra compared to those obtained from protonated precursors with lower charge states. [21] [22] 29 suggested to be suitable adductive for peptide sequencing by ETD-MS/MS. However, the yield of metal-peptide complex is usually low when the free metal cation was used. [21] [22] 30 To increase the yield of metal-phosphopeptide complex, we have recently used a dinuclear zinc complex, (Zn2L1) 3+ (L1 = alkoxide form of 1,3-bis[bis(pyridin-2-ylmethyl)amino]propan-2-ol), also known as the phosphate capture molecule "phos-tag", [32] [33] [34] as an ionizing reagent. 16 The molecular structure of (Zn2L1) 3+ is shown in Scheme 1a. Because (Zn2L1) 3+ selectively binds with phosphorylated peptides with the addition of a positive charge per phosphate group, (Zn2L1) 3+ -aided ESI improves the ionization yield of phosphopeptides present in the protein digest, 16 and allowed us to sequence tryptic phosphopeptide by ETD-MS/MS. However, (Zn2L1) 3+ -aided ETD-MS/MS had one disadvantage: the fragmentation of (Zn2L1) 3+ was also induced by ETD and competed with phosphopeptide backbone fragmentation. Therefore, the development of a new metal complex to replace (Zn2L1) 3+ is necessary to suppress the ligand dissociation and to preferentially form the fragments arising from N-Cα bond cleavage. (HLADLpSK), and T43p (VNQIGpTLSESIK), which have been used as models in previous studies. 16 Although ESI of these phosphopeptides produced singly and doubly protonated molecules, the triply protonated phosphopeptides were absent. The precise location of the phosphorylation site could not be determined because of the low sequence coverage when doubly protonated molecules were used as the precursors for ETD-MS/MS. 16 In contrast, the use of zinc complexes increased in the charge state of phosphopeptides in ESI-MS and facilitated the phosphopeptide sequencing by subsequent ETD-MS/MS analysis. To address the general mechanism for the ETD of the dimetal-ligand-phosphopeptide complexes, the details of the ETD fragmentation pathway were investigated using density functional theory (DFT) calculations.
EXPERIMENTS

Materials
Synthetic phosphopeptides designed to mimic the fragments produced by the tryptic digestion of yeast enolases, T18p, T19p, and T43p, were purchased from CS Bio Co., Ltd. (Shanghai, China).
The phosphorylated Nα-acetylated serine-lysine dipeptide (Ac-pSK) was purchased from GenScript
Inc. (NJ, USA). The detailed information for the model phosphopeptides are summarized in Table 1 . All solvents used were of high-performance liquid chromatography grade, except for water, which was purified by a Milli-Q ® purification system (Millipore; Billerica, MA, USA). The conductivity of the water was 18.2 MΩ/cm. and bis(2-pyridylmethy)amine in ethanol using a literature method. 39 The final concentration of pcresol, p-formaldehyde, and bis(2-pyridylmethy)amine were approximately 0.35, 0.8, and 0.8 M, respectively, and the reaction was performed under reflux conditions over 3 days. Synthesized ligands L1 and L2 were purified by column chromatography with silica gel and recrystallization, respectively.
To obtain dinuclear metal complexes, the synthesized ligands, L1 and L2, were dissolved in methanol at 0.15 M, and the obtained solutions were mixed with aqueous solutions of the corresponding metal salt, i.e., CuCl2, ZnCl2, or Ga(ClO4)3. The mixing molar ratio of ligand/metal was approximately 1/2. The complexes were obtained by re-crystallization. 
ETD-MS/MS
The analyte peptides were dissolved in water/methanol (1/1, v/v) at a concentration of 10 μM.
To produce the dinuclear complex-phosphopeptide by ESI, (Cu2Lx) 3+ , (Zn2Lx) 3+ , or (Ga2L2) 5+ were added to the peptide solution at concentrations of 100, 40, and 20 μM, respectively. ESI mass spectra were acquired using a 9. coordinate analysis 42 starting from the transition state conformation. Single-point energies of the local energy minima and transition state geometries were calculated using the MN15 functional with the 6-31++G(2d,p) basis set. Excited electronic states were calculated using a time-dependent DFT method 43 with the MN15 functional and the 6-31++G(2d,p) basis set.
Notation
In the present study, Zubarev's notation was adopted for peptide fragment ions. 44 
RESULTS AND DISCUSSION
Formation Efficiency of Dinuclear Metal-pS Complexes
First, we focused on the binding properties of dimetallic complexes to pS, which were estimated from the ESI mass spectra. In this study, five dimetallic complexes, (Zn2L1) 3+ , (Zn2L2)
3+ , (Cu2L2) 3+ and (Ga2L2) 5+ were tested. Because the utility of the (Zn2L1) 2+ -aided ETD-MS/MS for phosphopeptide sequencing were described by previous report, 16 we first discussed on the complex formation between (Zn2L1) 3+ and pS. Figure 1a shows the ESI mass spectra of the mixture of (Zn2L1) 3+ and pS in different mixing ratios. was suggested to be originated from the (Zn2L1) 3+ and pS complex, as shown in Scheme 2.
Scheme 2. The proposed structure of ions observed in ESI mass spectra of (Zn2L1) 3+ and pS mixtures, as shown in Figure 1a .
Next, we focused on the complexation efficiency of (Zn2L1) 3+ binding to pS. To estimate the complexation efficiency, we performed ESI-MS of a (Zn2L1) 3+ and pS mixture at a range of pS concentrations from 0.5 to 40 μM. The concentration of (Zn2L1) 3+ was set to 10 μM for all experiments. Figure 1b shows the relationship between the signal intensity ratio of (Zn2L1) 3+ with and without pS, and the total pS concentration between 0.5 and 40 μM. The values of the signal ratio were calculated from the sum of the intensities of all species assigned in Figure 1a . The yield of the complex between (Zn2L1) 3+ and pS increased with an increasing concentration of pS and 60 % of (Zn2L1) 3+ was bound to pS, when the concentration of (Zn2L1) 3+ and pS were 10 μM.
As in the case of (Zn2L1) 3+ , (Zn2L2) 3+ selectively bound to the phosphate group of pS, producing [Zn2L2 + pS -H] 2+ . The relationship between the amount of (Zn2L1) 3+ with and without pS at different concentrations of pS is shown in Figure 1c . (Figure 1a) , the chloride adduct of (Cu2L1) 3+ was detected as an intense signal at 40 μM of added pS (Figure 2a ). (Cu2L2) 3+ showed similar behavior to (Cu2L1) 3+ (data not shown). Next, the formation of the (Cu2L1) 3+ -pS and (Cu2L2) 3+ -pS complexes were determined using the same procedure as for the (Zn2L1) 3+ -pS complex (Figures 2b and 2c) . Next, (Ga2L2) 5+ was used as a phosphate capture molecule. Because Ga is a trivalent metal ion, the use of (Ga2L2) 5+ is expected to increase the charge state of the phosphorylated peptides. Figure   3a shows the ESI mass spectra for the mixture of 10 μM (Ga2L2) 5+ Figure 3b shows the relationship between the amount of (Ga2L2) 5+ for a total pS concentration in the range of 0.5−40 μM. indicates that (Ga2L2) 5+ has the highest binding ability for pS among the complexes tested in this study. 
ETD-MS 2 of the Dinuclear Metal-Phosphopeptide Complexes
We also investigated the suitability of the complexes for phosphopeptide sequencing by ETD- As shown in Figure 4c, The Utility of (Zn2L2) 3+ for Phosphopeptide Sequencing by ETD-MS/MS
MS
As described in the previous section, the use of (Zn2L2) 3+ potentially facilitates phosphopeptide sequencing by ETD-MS/MS. Next, we used, T19p, and T43p as tryptic phosphopeptide models. These phosphopeptides have been used as models in previous studies, but the precise location of the phosphorylation site could not be determined because of the low sequence coverage when doubly protonated molecules were used as the precursors for ETD-MS/MS. 16 Figure 7 shows the (Zn2L2) 3+ -aided ETD-MS/MS mass spectra when triply charged (Zn2L2) 3+ -phosphopeptide complexes were used as the precursors. The type of metal ion in the complex also strongly influenced the ETD fragmentation.
Regarding the ETD of the complexes with copper, Cu 2+ acted as an electron trap, and peptide fragmentation was largely suppressed. In contrast, (Ga2L2) 5+ strongly bound to pS and phosphopeptides, whereas the ETD of the (Ga2L2) 5+ -phosphopeptide complex mainly led to C6H6N• loss. Therefore, the (Cu2L1) 3+ , (Cu2L2) 3+ , and (Ga2L2) 5+ -aided ETD-MS/MS could not be used for phosphopeptide sequencing.
The zinc dinuclear complexes, (Zn2L1) 3+ and (Zn2L2) 3+ , efficiently bound to the phosphorylated compounds. In particular, the use of (Zn2L2 To apply (Zn2L2) 3+ -aided ETD for large-scale phosphopeptide analysis, the method should be combined with liquid chromatography mass spectrometry (LC-MS) system. Although the (Zn2L2) 3+ -phosphopeptide complex would not be stable during chromatographic separation process, the post-column addition of (Zn2L2) 3+ can be produced the complex. The further investigation for (Zn2L2) 3+ -aided ETD combined with LCMS would promote wider application of this method.
